A film of expanded poly(tetrafluoroethylene) abbreviated here as ePTFE shows no penneabilities in aqueous solutions because of its hydrophobicity.
Introduction
Lately many researchers have taken a great interest in the separation technology using polymer films.
Especially, a lot of v~rk has been focused on the permeation behavior of several hydrogel films in response to the change in external factors such as pH and ionic strength of the medium, temperature, light, electric potential and so on. [1] [2] [3] [4] [5] [6] [7] However, such hydrogel films seem difficult to apply to practical uses due to their low strength.
We have reported that the polyethylene and PTFE photografted with electrolytic monomers such as methacrylic acid and 2-(dimethylamino)ethyl methacrylate have sufficient mechanical strength in the swollen state and possess the sensitivities in response to the change in temperature andbr pH. [8] [9] [10] The introduction of grafted polymer chains onto polymer substrates by the method of graft-polymerization has been noted as an improvement in the • surface of poJvm substrates and preparation of functional polymer membranes.
We have prepared the expanded PTFE films grafted with PAA by the combined use of plasma treatment and photografting.
The study on the permeation of insulin through ePTFE-g-PAA films is here reported using the enzymatic reaction of glucose oxidase (GOD) with glucose, leading to the construction of the drug delivery system useful for diabetic treatment.
Experimental 2.1. Materials and Reagents
Expanded PTFE films (thickness = 40 µm, average pore size = 3.0µm, degree of vacancy = 83 %: ADVANTEC Co. Ltd.) as a polymer substrate were washed in methanol and acetone for 6 hours in a Soxhlet extractor, respectively, and then dried under reduced pressure.
Acrylic acid (AA: Wako Pure Chemical Ind., Ltd.) was used as an electrolytic monomer. Benzophenone (\Mtko Pure Chemical Ind., Ltd.) as a sensitizes, -D-glucose (Tokyo Kasei Ind., Ltd.) and insulin (Wtko Pure Chemical Ind., Ltd. for biochemical uses) as permeants and NaCI (Kanto Kagaku, Ltd.), potassium dihydrogenphosphate (\Miko Pure Chemical Ind., Ltd.) and disodium hydrogen-phosphate (\Mtko Pure Chemical Ind., Ltd.) for preparation of buffer solutions were used without purification. GOD (Wako Pure Chemical Ind., Ltd.) as an enzyme and glucose CII test Wako (Wako Pure Chemical Ind., Ltd.) as a coloring reagent for the determination of 3-D-glucose were used.
Preparation of ePTFE-g-PAA films Treatment with oxygen plasma
The plasma treatment was carried out using a Shimadzu LCDV-2Otype plasma polymerization apparatus in the manner described in our previous articles. [8] [9] [10] The washed ePTFE films were fixed on. the sample holder between two plateelectrodes placed 40 mm apart from each other in the glass bell jar with double-sided Scotch tape. Oxygen gas (purity, 99.9 %) was introduced into the glass bell-jar at a flow rate of 20 cm3/rnin under a vacuum of 6.67 Pa. One side of the ePTFE film was exposed to oxygen plasmas generated at output of 200 W and frequency of 15 KHz for 120 s, while the sample holder was rotated at 60 rpm. After treatment with oxygen plasma, the plasma-treated ePTFE films were stored in an atmosphere of oxygen for 30 min to form oxygen-containing functional groups at the surface of ePTFE film. The oxygen containing groups can act as sites for initiation of graftpolymerization.
Photo-grafting
The plasma-treated ePTFE films were dipped for 1 min in a 0.0275 mol/dm3 acetone solution containing BP. The photografting was carried out using a Riko rotary photochemical reactor RH400-1OW (Riko Kagaku Ind.) equipped with a 400W high-pressure mercury lamp. The sensitizer-coated ePTFE films before being dried were immersed in an aqueous monomer solution of AA of 1.0 mol/dm3 in the Pyrex glass tubes. Then, AA was photografted onto the ePTFE surfaces at 60 °C by applying UV rays under a nitrogen atmosphere. The ePTFE-g-PAA films were repeatedly immersed in and washed with water to remove the unreacted residual monomer and homopolymer, and then dried under reduced pressure for 24 hours at room temperature. The amount of AA grafted onto ePTFE surfaces was calculated from the weight increase of the samples using eq. (1):
where G is the amount in mole of the AA monomer grafted per weight of dried ePTFE, Wd the weight of dried grafted ePTFE film, Wo the weight of dried ePTFE and M the molecular weight of AA monomer.
Properties of films
The ePTFE-g-PAA films were immersed in water and equilibrated with an aqueous solution adjusted to pH 3 or phosphate buffer solution of pH 8 for 24 hours, and then the grafted films were taken out from the water and blotted with filterpaper to take away the water attached on their surfaces.
The weight of films was measured as quickly as possible.
The amount of absorbed water and the amount of water assigned per monomer segment, Ilwater, were calculated using eqs. 
where Ww the weight of the ePTFE-g-PAA films in the swollen state and the quantity of 18.016 the molecular weight of water.
Thickness of films
For the thickness of each film after the same treatment as described in 2.3, a minimum of 5 values at any points were measured using a micrometer (Mitsutoyo Co. Ltd.) and the averaged value calculated.
Permeability of grafted ePTFE films
The ePTFE-g-PAA films swollen in a buffer solution of pH 8 were clamped between the two halves of the cell (100cm3). A NaG solution (ionic strength = 0.01 mol/dm3) of pH 8 was put in one side of the cell and an insulin solution of pH 8 in the other side of the cell, and then both solutions were stirred.
After a set of time the solutions of the cells were replaced with a NaG solution (ionic strength = 0.01 mol/dm3) of pH 3. Repetitive permeation of insulin through the ePTFE-g-PAA films was carried out by varying the solutions between pH 8 and 3. The amount of insulin permeated through the ePTFE-g-PAA films was determined by measuring the absorbance at a wavelength of 276 nm, the wavelength of maximum absorption of insulin.
In an attempt to make an experiment on the permeation of insulin through the ePTFE-g-PAA film in response to the pH change caused by the enzymatic reaction of GOD with glucose, a NaG solution (ionic strength = 0.01 mol/dm3) of pH 8 was poured into the cell of feed side and the NaG solution with the same as describred above containing GOD 20 mg and insulin 0.01 mmol in the permeate, respectively. After a fixed time, glucose (1 mmol) was inserted into the feed and then the permeated insulin in the feed was detected with time by the UV absorbance.
On the other hand, pls of both side solutions were measured during the permeation experiment. 3 . Results and Discussion 3.1. Preparation of the ePTFE-g-PAA films A change in the amount of AA grafted onto an ePTFE film with UV irradiation time is shown in Figure  1 . The amount of grafted AA markedly increased with the initial UV irradiation time, and then tended to level off 200 minutes.
Characterization
of the ePTFE-g-PAA films The amount of absorbed water, Ilwater value and thickness of the ePTFE-g-PAA films were measured to evaluate their hydrophilic
properties.
The changes in the amount of absorbed water with the amount of the grafted PAA are shown in Figure 2 .
The The higher amount of absorbed water at pH 8 than at pH 3 is considered to come from the case that grafted PAA chains are fully ionized at pH 8 but almost not at pH 3. [11] The changes in the 1lwater value with the amount of grafted PAA are shown in Figure 3 . The value of Ilwater had a maximum in the range of the low grafted amount of PAA. The steep increase in the value of (water can be ascribed to relatively favorable contact with water by PAA chains present sparsely on the film surfaces in the range of the very low grafted amount.
However, since PAA are densely compacted in higher grafted amounts, t contact of PAA chains with water will be unfavorable.
Grafted chains can assume expanded conformation due to repulsion among ionized carboxyl groups attached to PAA chains at pH 8, while unionized grafted PAA chains at Therefore, it is considered that the value of (water was higher at pH 8 than pH 3. Figure 4 shows that the thickness of the ePTFEg-PAA films equilibrated with an aqueous solution at pH 3 or 8 increased with an increase in the grafted amount as expected. It can be inferred from the above-discussed that the increased thickness at pH 8 comes from the high amount of absorbed water in comparison to that at pH 3.
Thickness of the films

Permeation of insulin The dependence
of the permeation of insulin through ePTFE-g-PAA films on the amount of grafted PAA and pH of the aqueous solution was investigated before the experiment was made on the permeation of insulin through the films in response to pH changes of the aqueous solution caused by the enzymatic reaction of GOD with glucose. Figure 5 shows the changes in the amount of permeated insulin through the ePTFE-g-PAA films with PAA-grafted amount of 0.90, 1.47, 1.69, 1.73 and 2.51 mmol/g-dry film with time at pH 3 and 8.
The amount of permeated insulin through ePTFE-g-PAA films in an aqueous solution of pH8 was depressed except for the film with the grafted amount of 0.90mmol/g. However, the amount of permeated insulin through ePTFE-g-PAA films at p H 3 increased clearly with time. Grafted PAA chains at pH 8 can be extended due Fig. 4 Changes in the thickness of ePTFE-g-PAA films in water at pH 3 (0) and phosphate buffer solution at pH 8 (S) as a function of grafted amounts Fig. 5 Changes in the insulin permeabilities through ePTFE-g-PAA films of grafted amounts of 0.90(0), 1.47(L), 1.69(•), 1.73 (E1) , and 2.51(A)mmol/g with time in the aqueous NaCI solutions adjusted to pH3 and 8 to repulsion among ionized carboxyl groups of PAA chains and so prevent insulin from passing through channels present in ePTFE films. The grafted amount of 0.90 mmol/g-dry film is so low that insulin can pass through the channels even if the medium are set at pH 8. However, grafted PAA chains at pH 3 can be contracted due to attractive force of hydrogen bonding between unionized carboxyl groups of PAA chains, and so insulin can pass through the channels in the films.
The largest difference in the permeated amount of insulin with time between pH 3 and 8 was observed in the grafted amount of 1.47 mmol/g-dry film. Therefore, the ePTFE-g-PAA film of grafted amount of 1.47 mmol/g-dry film can be the most advantageous to control the permeation of insulin in response to the pH change in the medium in this system.
In addition, we examined the permeability of insulin at various pHs using ePTFE-g-PAA films with the same grafted amount as described above, and obtained the linear relationship between the amount of permeated insulin and permeation time, i.e., permeation flux of insulin.
The results are shown in Figure 6 .
The permeability of insulin decreased with an increase in pH. We have confirmed by means of the electrophoretic and dynamic light scattering methods that insulin molecules have positive and negative charges below and above pH 5.4, the isoelectric point of insulin, respectively, and form aggregates with an average diameter of 5125.8 nm at pH 5.4. Therefore, the electrostatic interaction of insulin with grafted PAA chains may contribute to the increased and decreased permeabilities in acidic and basic conditions, respectively, in addition to the conformational change of PAA chains. Furthermore, no permeation of insulin observed at pH 5.4 can be clearly ascribed to large insulin aggregates with no net charge in comparison to the average original pore size of ePTFE films (3000 nm ).
Permeability o f insulin in response to pH
The on-off control experiment for the permeation of insulin in response to pH was performed using the ePTFE-g-PAA film with the grafted amount of 1.47 mmol/g on the basis of the discussion on the results from Figure 5 . The amount of permeated insulin through the film with time is shown in Figure 7 . The permeability of insulin through the film was repeatedly depressed at pH 8 and restored at pH 3. The ePTFE-g-PAA film with the grafted amount of 1.47 mmol/g-dry film showed the clear on-off permeability of insulin in response to pH. Therefore, this film can be applied to the experiment on the insulin permeation in response to pH changes brought about by the enzymatic reaction of GOD with glucose. Repetitive permeation of insulin through an ePTFE-g-PAA film of grafted amounts of 1.47mmol/g by fluctuating the pH of the medium between 3 (0) and 8 (•)
Permeation control of insulin using pH change b enzymatic reaction
Since no permeation of GOD through the ePTFE-g-PAA films with different graftec amounts was observed, it can be safely said tha the enzymatic reaction takes place only in the cel of permeation side.
The insulin permeation control experimen was carried out with an ePTFE-g-PAA filn grafted amount of 1.47 mmol/g and GOI 20mg/100cm3. The insulin permeation througl the film in the absence of glucose was littl observed within 120 minutes from the start, am so the solutions iii both cells were kept at pH 8 Figure 8 shows the changes in the insulii permeabilities and pHs of solutions in the cells After addition of glucose at 120 minutes, the pI of solutions in both cells dropped and the amour of permeated insulin increased rapidly.
This p1 drop occurred as a result of the enzymati reaction between glucose and GOD.
And th amount of permeated insulin markedly increase below pH 5.4.
we have made it clear that the permeation o insulin using ePTFE-g-PAA films can b controlled in response to pH changes cause through the enzymatic reaction described here.
Conclusion
pH-responsive ePTFE films grafted with PAA were prepared by the combined use of the oxygen plasma treatment and photografting. The control permeation of insulin was examined through the ePTFE-g-PAA films.
From the results obtained we can draw following conclusions. 1) The ePTFE films grafted with AA gain the hydrophilicity possible for permeation of hydrophilic solutes,
2) The permeability of insulin through the ePTFE-g-PAA film increases in the lower pH region and decreases in the higher pH region, 3) This system will be able to contribute to the control release of insulin in response to the enzymatic reaction of GOD with glucose. 
